Escherichia coli grown on acetate. These data cannot be readily explained by the glyoxylic acid by-pass pathway.
In 1956, we (Krakow and Barkulis) reported briefly that extracts obtained from E. coli Crookes strain, which had been grown with glycolate as the only carbon source, could form either hydroxypyruvate or tartronic semialdehyde from glyoxylate under anaerobic conditions. The formation of these 3-carbon compounds from a 2-carbon precursor appeared to be one of the intermediate steps in the synthetic processes taking place in this organism when grown on glycolate. A more detailed presentation of these studies is given in this report, as well as additional findings indicating that tartronic semialdehyde is the initial product of the glyoxylate-utilizing reaction. A preliminary report of the latter findings has been presented (Krakow, Hayashi, and Barkulis, 1959) . We propose glyoxylic acid carboligase as a suitable descriptive name for the enzyme which catalyzes this reaction.
MATERIALS AND METHODS
Growth of the organism. E. coli Crookes strain was grown in medium containing (NH4)2SO4, 1 g; Na2HPO4, 6 g; KH2PO4, 3 g; MgSO4, 0.2 g; NaCl, 0.5 g; glycolic acid, 2.8 g; and water, 1 liter. The solution was neutralized to pH 7.0 with 2.5 N NaOH before sterilization.
A loopful of organisms was transferred from stock nutrient agar slants to 10 ml of liquid medium and incubated at 37 C for 24 hr. If growth was slow, the culture was allowed to grow for another day before transfer. When growth was sufficiently heavy, the 10-ml culture was transferred to 100 ml of liquid medium. On the following day, this was used as inoculum for 1 liter of liquid medium. After overnight growth, 6 liters of medium contained in a 12-liter Florence flask were inoculated and vigorously aerated through sterile cotton filters and a sintered glass sparger of medium porosity. Good aeration was required for optimal growth. Cells for the experiments to be described were harvested after 18 to 20 hr of incubation. From 2 to 2.5 g of organisms (wet weight) per liter was the usual yield.
Preparation of cell extracts. A number of methods were compared for obtaining cell-free extracts. Although variable amounts of protein were extracted from lyophilized cells, they were devoid of enzymatic activity. Extracts made by grinding of packed wet organisms with powdered glass or from acetone powders yielded appreciable and comparable amounts of enzyme. Sonic breaking of cells, however, liberated the largest amount of enzyme and was routinely used. A 30%O suspension of cells in water was exposed for 45 min in a 9 ke Raytheon oscillator which was cooled to 0 C by water circulated from a cooling bath. The supernatant fluid of the resulting disintegration was removed after centrifugation at 10,000 rev/min in an SS-1 Servall centrifuge operated at 4 C. The crude extracts could be stored for months at -20 C without appreciable loss of activity.
Enzymes. D-Glyceric acid dehydrogenase from parsley, first described by Stafford, Magaldi, and Vennesland (1954) , was prepared from fresh parsley leaves according to Dickens and Williamson (1958a) . Lactic dehydrogenase was a commercial preparation from the Worthington Biochemical Corporation, Freehold, New Jersey.
Chemical. Sodium glyoxylate monohydrate was synthesized by the method given by Westerfeld (1955) . Tartaric acid was treated with periodic acid at 0 C and the glyoxylic acid extracted with ether. The procedure was altered only in that the continuous ether extraction was maintained for 3 days instead of 8 hr.
Pyruvic acid was synthesized from tartaric acid and KHSO4 by the method of Gilmann and Blatt (1948) . The yield obtained was 17%, whereas that reported was 50%.
Lithium hydroxypyruvate was synthesized according to the method of Sprinson and Chargaff (1946) as modified by Dickens and Williamson (1958b) Assay methods. (1) Enzyme:-Two methods, microtitration of acid disappearance and manometric measurement of carbon dioxide released, were used to measure the enzymatic activity of crude extracts and various fractions. The former assays were performed using the titration system described by Schwartz and Myers (1958) . The components made up to a volume of 5 ml with water included enzyme, 300 ,ug thiamine pyrophosphate, and 0.0004 M MgCl2. The disappearance of acid was titrated at 1-min intervals with standardized NaOH solution, approximately 0.1 N. The pH of the reaction was maintained at 6.5. Helium was bubbled through the reaction mixture to remove the carbon dioxide evolved.
Manometric assays were performed in Warburg flasks with helium as the gas phase. Each flask contained potassium phosphate buffer, 0.1 M at pH 6.0, enzyme, cofactor, and magnesium salt as specified for the titrimetric assay, and water to make up 2 ml. Both assays were run at 30 C.
There was negligible retention of carbon dioxide at pH 6.0 to 6.5. Fig. 1 shows the equivalence of the two assay methods for following the reaction. The disappearance of substrate as measured by these assays was shown to be a linear function of the amounts of crude or partially fractionated enzyme employed. Linearity was obtained within the practical limits imposed by the accurate recording of manometric and titrimetric changes. A unit of activity is defined as 1 ,uEq of H+ taken up or 1 Amole of carbon dioxide released in 10 minat 30 C and pH 6.0 to 6.5.
(2) Lithium hydroxypyruvate:-The assays were carried out with parsley D-glyceric acid dehydrogenase according to Dickens and WNilliamson (1958a) .
(3) Protein determinations:-Protein was assayed by the biuret method, using a reagent containing 0.12% CuSO4H20, 0.48% NaK The 2,4-dinitrophenylhydrazones were chromatographed on Whatman no. 1 paper, using butanol saturated with 3% ammonium hydroxide solution as a solvent (Cavallini, Frontali, and Touchi, 1949) , or butanol-ethanol-5 M NH40H (70:10:20; v/v) as a solvent (Meister and Abendschein, 1956 ). All chromatograms were run with one or more standards. Further support for identification could be obtained by spraying these spots with a 2.5 M solution of NaOH since many of the colors obtained with these derivatives in basic solution are characteristic.
Two spots were obtained for compounds such as hydroxypyruvate, glyoxylate, pyruvate, and a-ketoglutarate under some conditions. According to Meister (1952) , this is commonly found with such compounds and is attributed to isomerization.
In some cases, the 2,4-dinitrophenylhydrazones were reduced to amino acids by catalytic hydrogenation at room temperature, according to a modification of the method of Meister (1952) . These amino acids were then identified by chromatography using 80% phenol in an ammonia atmosphere.
(2) Free acids:-Several solvents were used for the paper chromatography of free carboxylic acids. The solvent suggested by Barnabas and Joshi (1955) , formic acid-butanol-water, has been used for ascending as well as descending chromatograms. Five normal formic acid-amyl alcohol (1:1; v/v) was used for ascending chromatograms. The RF values obtained with the two solvents were similar.
Eighty per cent phenol was used for ascending chromatography. Good separation of the acids in our system could be obtained by using twodimensional chromatograms with formic acidbutanol-water in the first direction and 80% phenol in the second. Standards were run concurrently.
When phenol was not used as a solvent, an acetone solution of the indicator 2, 6-dichlorophenolindophenol at pH 11 could be used for the identification of acid spots (Barnabas and Joshi, 1955) . When phenol was used, carbonyl compounds were developed by spraying the 1961] hydrazine in 2 N HCl. A solution of 2% sodium periodate-1% KMInO4 in 2% Na2CO3 (4:1; v/v) was used to detect those compounds which contained groups susceptible to periodic acid oxidation.
Another two-dimensional system that proved helpful was that suggested by Wood and Bender (1957) . n-Butanol-acetic acid-water (60:15:25; v/v) was used in the first direction and ethanolconcentrated NH40H-water (80: (Krakow and Barkulis, 1956 The extent of purification achieved at the various stages is shown in Table 1 . For convenience of presentation, the over-all recoveries of fractions 11 to VI have been calculated since the actual volumes and amounts were always lower, dependinig on the quantities utilized for testing and clharacterizing at the preceding steps.
A 13-fold lpurification over the crude extract was achieved in fraction VI. The various fractions 1)ehaved alike and differed from the crude extract only in a slow loss of activity during storage at -20 C. 'Most of the succeeding data were obtained using the one or another fraction since the results were comparable at these levels of partial purification. Table 2 shows the dependence of the reaction on thiaminie pyrophosphate and magnesium. It is ev-ident that with fractionated enzyme the (Meister, 1952) and more specifically by D-glyceric dehydrogenase (Stafford et al., 1954) . The ability of the reaction product to serve as a substrate for these dehydrogenases as compared to synthetic hydroxypyruvate was determined. The glyoxylate reaction was run to completion and stopped with addition of 0.5 N perchloric acid. After filtration, a sample of the solution was neutralized with potassium bicarbonate, lactic dehydrogenase, and DPNH added, and the decrease in absorption at 340 m,u followed using the Beckman spectrophotometer. Typical results are shown in Fig. 3 . It is evident that the reaction product, in an amount calculated to be equivalent to the hydroxypyruvate used in the control, oxidized DPNH at a much slower rate than did hydroxypyruvate. Thus, e nzymatically the reaction product behaved quite differently from synthetic hydroxypyruvate. However, lactic dehydrogenase reduces several keto acids so that positive identification was not possible by its use. A preparation of D-glyceric dehydrogenase from parsley was used as a further means of identifying the reaction product. This enzyme is highly specific for hydroxypyruvate, reducing other keto acids at a very much slower rate. A sample of the deproteinized and neutralized reaction mixture was incubated with the glyceric dehydrogenase in the presence of DPNH. A control cuvette with lithium hydroxypyruvate as substrate was also used. Typical results are shown in Fig. 4 . It is evident that the reaction product oxidized DPNH in this system at a very slow rate, as compared with hydroxypyruvate, and only after a period of 20 or more minutes of incubation. Nonetheless, a sample of the same reaction mixture on reaction with 2,4-dinitrophenylhydrazine behaved like the hydrazone of hydroxypyruvate on paper chromatography. The results with these enzymatic preparations supported the view that the primary product of the glyoxylate-utilizing reaction in extracts of E. coli was not hydroxypyruvate but rather its tautomer, tartronic semialdehyde, which could be converted slowly to hydroxypyruvate.
This interpretation was further corroborated by the chance observation that DPNH added to a reaction mixture after the glyoxylate had been completely utilized (but without subsequent deproteinization) was rapidly oxidized. The addition of hydroxypyruvate and DPNH to enzyme did not result at first in any significant reaction. After a period of incubation, a slow oxidation of the DPNH was observed. These results are shown in Fig. 5 . If, however, the hydroxypyruvate was incubated with either crude dialyzed enzyme or partially purified fractions at pH 7.5 for 3 hr at room temperature, Fig. 3 (top, left) . Comparison of rates of DPNH oxidation by lactic dehydrogenase with the substrates shown. Reactions were carried out in cuvettes in a spectrophotometer. Each cuvette contained 0.02 ml enzyme in 0.25 M phosphate buffer (pH 6.0) and 0.4 mg DPNH in 2.8 ml. Reactions were started by adding the respective substrates in 0.2 ml. Gas phase, air. Temperature, 25 C. Fig. 4 (top, right) . Comparison of rates of DPNH oxidation by parsley D-glyceric dehydrogenase with reaction product and hydroxypyruvate. Reactions were carried out as indicated in Fig. 3 Fig. 4 . the subsequent addition of DPNH was followed by rapid oxidation. Apparently a dehydrogenase specific for the product of the glyoxylate-utilizing reaction to which hydroxypyruvate was slowly converted when incubated at pH 7 to 7.5 was present.
The end products obtained by reduction of synthetic lithium hydroxypyruvate with DPNH by parsley enzyme and reduction of reaction product obtained by addition of DPNH to E. coli enzyme (previously incubated with glyoxylic acid) were compared chromatographically. Each reaction mixture, after the oxidation of DPNH had ceased, was deproteinized with acid and the supernatant spotted on paper, which was then developed with 80% phenol. The products showed identical RF values which coincided with that of glyceric acid used as a standard. These results are consistent with the interpretation that the primary product of our reaction is tartronic semialdehyde. We can only speculate about the demonstration of the 2,4-dinitrophenylhydrazone of hydroxypyruvate in the deproteinized incubation mixtures of this enzyme with substrate. It is known that acid solutions will favor the formation of hydroxypyruvate in reaction 2 Hydroxypyruvate ± tartronic semialdehyde (2) whereas alkaline conditions shift the reaction to the right. were added to all flasks. See text also for colorimetric assays indicated in the last column.
In Table 4 are presented data with a number of extracts in which the stoichiometry of the over-all reaction was followed by measuring carbon dioxide appearance or acid disappearance as well as oxidation of DPNH. In the last column are recorded also some results of colorimetric measurements of the end product using the 2,4-dinitrophenylhydrazone (Friedmann and Haugen, 1943) , and taking as a standard lithium hydroxypyruvate which had been previously incubated for several hours in alkali (pH 10) to convert it to tartronic semialdehyde. The color obtained with the reaction product and alkali-treated hydroxypyruvate were identical. It is evident that the stoichiometry of the reaction corresponds to the formulation 2CHOCOOH -* CO2 + CHOCHOHCOOH The pH optimum of this reaction was approximately 6.5. The rate at pH 8 is 60% of that at 6.5.
DISCUSSION
There is little experimental support in the literature for the concept that acetate can be reversibly oxidized to glycolate and glyoxylate by organisms growing on these compounds as sole carbon sources. Boleato, de Bernard, and Leggiero (1957) Jayasuriya (1956) reported that an organism belonging to the genus Pseudomonas grown with sodium DL-lactate could utilize glycolate effectively to form citrate. However, there was a preferential incorporation of the radioactivity of 2 C14-glycolate compared to 1 C14-glycolate which would be consistent with the intermediation of glyoxylic carboligase activity.
The principal reaction which was studied was detected in cell-free extracts of glycolate-grown organisms and had the following characteristics. The substrate was glyoxylate, and for each micromole consumed, '½ ,umole of carbon dioxide was evolved and, if the pH was maintained constant, ½ MAmole of hydrogen ion was taken up. A carboligase type of reaction was suspected based on these findings and on the nature of the cofactors determined, namely, cocarboxylase and magnesium ions. Therefore, attempts were made to identify the product other than carbon dioxide, and to ascertain if it had the properties of a hydroxyketo acid.
Hydroxypyruvate was thought to be the initial product, based on the chromatography of the free acid and on the 2,4-dinitrophenylhydrazones found in deproteinized reaction mixtures. This tentative view was challenged, however, by the failure to show an appreciable reduction of the reaction product by either lactic dehydrogenase or glyceric dehydrogenase in the presence of reduced DPN under conditions in which equivalent quantities of synthetic hydroxypyruvate were rapidly reduced.
The conclusion that the initial product is the isomer of hydroxypyruvate, namely, tartronic semialdehyde, rests on a number of experimental findings. The reaction product is partially converted to hydroxypyruvate under acid conditions, thus accounting for the consistent 516 [ 
SUMMARY
The principal reaction studied was found in cell-free extracts from Escherichia coli grown with a salts medium containing glycolic acid as a sole carbon source. The reaction was detected under anaerobic conditions with glyoxylic acid as the substrate. It was followed manometrically by the evolution of carbon dioxide or titrimetrically by neutralization of the hydrogen ion released. The stoichiometry indicated ½ mole of carbon dioxide released with the utilization of 1 mole of glyoxylic acid.
A partial fractionation of the enzyme catalyzing the reaction was achieved with ammonium sulfate and ethanol. This permitted a definition of the cofactor requirements, namely, thiamine pyrophosphate and Mg++ ions.
A search for other products consistently revealed the presence of hydroxypyruvic acid as shown by chromatography of free acid products and 2,4-dinitrophenylhydrazone derivatives. Nonetheless, spectrophotometric experiments utilizing lactic dehydrogenase and D-glyceric dehydrogenase confirmed that the primary product was not hydroxypyruvic acid. The fortuitous presence in crude extracts of a diphosphopyridine nucleotide-dependent dehydrogenase capable of reducing the primary product to glyceric acid helped to identify the primary product as tartronic semialdehyde.
A tentative schema was outlined, centering on the reaction studied in relation to known intermediary pathways of metabolism by which glycolate-grown E. coli could derive energy and build larger carbon skeletons.
